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Stratification of retinal neuronal cell bodies and lami-
nation of their processes provide a scaffold upon
which neural circuits can be built. However, the
molecular mechanisms that direct retinal ganglion
cells (RGCs) to resolve into a single-cell retinal gan-
glion cell layer (GCL) are not well understood. The
extracellular matrix protein laminin conveys spatial
information that instructs the migration, process
outgrowth, and reorganization of GCL cells. Here,
we show that the b1-Integrin laminin receptor is
required for RGC positioning and reorganization
into a single-cell GCL layer. b1-Integrin signaling
within migrating GCL cells requires Cas signaling-
adaptor proteins, and in the absence of b1-Integrin
or Cas function retinal neurons form ectopic cell clus-
ters beyond the inner-limiting membrane (ILM), phe-
nocopying laminin mutants. These data reveal an
essential role for Cas adaptor proteins in b1-Integ-
rin-mediated signaling events critical for the forma-
tion of the single-cell GCL in the mammalian retina.
INTRODUCTION
An early step in the development of laminar organization within
the nervous system is the stratification of neuronal cell bodies,
providing a foundation upon which lamination of neuronal pro-
cesses and precisely ordered neural circuits can be assembled.
The mature murine retina is organized into three distinct cell
body layers: the multilayered outer and inner nuclear layers
(ONL and INL, respectively), and the single-cell-layered retinal
ganglion cell layer (GCL) (Sanes and Zipursky, 2010). The GCL
includes retinal ganglion cells (RGCs) and displaced amacrine
cells (dACs) that temporarily reside in the inner neuroblastic layer
(INbL) but thenmigrate early postnatally through the INbL to forma single-cell GCL (Reese, 2011; Zolessi et al., 2006). While prog-
ress has been made toward understanding how processes
emanating from retinal neurons become stratified, the molecular
mechanisms that direct RGC and dAC migration to form the
single-cell GCL remain to be elucidated.
Secreted extracellular matrix (ECM) laminin proteins guide
GCL progenitors as they migrate to their final position in the
retina (Randlett et al., 2011). Laminins are highly enriched in
the basal lamina of the inner-limiting membrane (ILM) and serve
as non-cell-autonomous instructive signals that orient RGC axon
emergence and initial guidance during GCL cell migration (Libby
et al. 1997, 2000; Randlett et al., 2011). Laminins are required for
the establishment of the single-cell GCL; null mutations in the
genes encoding b2 or g3 laminin chains produce ectopic multi-
layered GCL cell aggregates that form beyond the ILM (Edwards
et al., 2010; Pinzo´n-Duarte et al., 2010). Although accumulating
evidence supports an instructive role for laminins in GCL
establishment, how differential laminin distribution is sensed
and interpreted by migrating neurons is not known.
Integrins are laminin receptors essential for neural migration
and stratification in regions of the nervous system other than
the retina, acting both neuron autonomously and nonautono-
mously (Anton et al., 1999; Graus-Porta et al., 2001; Niewmier-
zycka et al., 2005; Schmid et al., 2004; Stanco et al., 2009).
Integrins can activate a myriad of signaling pathways to instruct
cell migration. One of these pathways involves phosphorylation
of Crk-associated substrate (Cas) cytosolic adaptor proteins
by activated focal adhesion kinase (FAK) and Src tyrosine phos-
phorylation; this results in the recruitment of Crk, activation of
Rac, and actin cytoskeleton remodeling (Bouton et al., 2001;
Defilippi et al., 2006). Cas signaling adaptor proteins are thought
to mediate integrin signal transduction during neural develop-
ment (Bargon et al., 2005; Bourgin et al., 2007; Huang et al.,
2006, 2007). In Drosophila, dCas is essential for integrin-medi-
ated motor axon guidance and fasciculation (Huang et al.,
2007). However, evidence supporting a role for Cas proteins
downstream of integrins during vertebrate neural development
comes from in vitro tissue culture studies (Bargon et al., 2005;
Bourgin et al., 2007; Bouton et al., 2001).Neuron 81, 779–786, February 19, 2014 ª2014 Elsevier Inc. 779
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B Figure 1. b1-Integrin Is Required for GCL For-
mation and p130Cas Phosphorylation
(A–D) Immunostaining of mouse retinas at E14.5 (A),
E17.5 (B), P4 (C), and P14 (D) using an antibody against
b1-Integrin (green) and TOPRO3 (blue). During em-
bryonic and early postnatal development (A–C), b1-
Integrin is enriched in the INbL but later becomes
restricted to capillaries (D). Inset (A) shows costaining
with TOPRO3. (E–H) Conditional removal of b1-In-
tegrin in the neural retina results in severe GCL de-
fects. Control (E and G), Six3Cre; Itgb1f/f (F), and
Pax6aCre; Itgb1f/f (H) adult retinas were sectioned and
stained with antibodies against laminin (red) and cal-
retinin (green). Ectopic cell aggregates form beyond
the laminin+ ILM in Six3Cre; Itgb1f/f (F) and Pax6aCre;
Itgb1f/f (H) retinas (n = 5 independent animals for all
genotypes). (I–N) Histological assessment of ILM
integrity during retinal developmental in control (I, K,
and M) and Six3Cre; Itgb1f/f (J, L, and N) retinas
stained with anti-laminin (red) and TOPRO3 (blue). At
E18.5, ectopic aggregates have already formed in
Six3Cre; Itgb1f/f mice, but the ILM is still intact (L). (O–
P) Histological assessment of p130Cas phosphoryla-
tion in control (O) and Six3Cre; Itgb1f/f (P) retinas using
a phospho-Tyrosine165-p130Cas antibody (PY-Cas,
green) and TOPRO3 (blue); n = 3. INbL, inner neuro-
blastic layer; ONbL, outer neuroblastic layer; INL, inner
nuclear layer; ONL, outer nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. Yellow ar-
rowheads, ILM; white arrows, ectopic aggregates.
Scale bar, 50 mm.
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Cas Signaling Adaptor Proteins in GCL OrganizationHere, we show that b1-Integrin and Cas adaptor proteins are
highly expressed in the inner neuroblastic layer (INbL) of the
mouse retina and that b1-Integrin is required for proper GCL or-
ganization. We also provide in vivo evidence that Cas signaling
adaptor proteins are essential for b1-Integrin function during
vertebrate neural development by investigating their role in the
establishment of the GCL. These results provide insight into
how migrating retinal neurons respond to the laminin-rich ILM,
resulting in the characteristic single-cell layer organization of
the GCL.
RESULTS
To explore the instructive role played by laminin in establishing
the GCL, we first asked whether the laminin receptor b1-Integrin
is expressed during retinal development. We performed b1-
Integrin immunohistological analyses and found that during
embryonic development expression of b1-Integrin is enriched
in the INbL, with higher levels of expression close to the ILM (Fig-
ures 1A and 1B). This expression continues during the first week
after birth (postnatal day 4 [P4]; Figure 1C); however, at P14 b1-
Integrin expression in the retina is downregulated and becomes
restricted to vascular tissue (Figure 1D). This expression pattern
suggests that b1-Integrin participates in GCL progenitor migra-
tion and organization.
To investigate the requirement for b1-Integrin during retinal
development, we used mouse lines that express panretinal Cre
recombinase expression (Six3Cre) (Furuta et al., 2000) or neural
retina-specific Cre (Pax6aCre) (Marquardt et al., 2001), together
with a conditional b1-Integrin allele (Itgb1f) (Raghavan et al.,780 Neuron 81, 779–786, February 19, 2014 ª2014 Elsevier Inc.2000), to selectively remove b1-Integrin (Itgb1) in the retina.
In P14 control animals, GCL cells are organized into a
single-cell layer adjacent to the ILM (Figures 1E and 1G). In
Six3Cre;Itgb1f/f or Pax6aCre;Itgb1f/f retinas, the GCL fails to
resolve into a single-cell layer (Figures 1F and 1H). In these
mutant retinas, ectopic aggregates that include GCL cells form
multilayered ‘‘rosette’’ structures beyond the ILM, which is dis-
rupted at the sites where these aggregates form (Figures 1F
and 1H). These rosette structures include displaced ACs (anti-
ChAT+: starburst ACs; Figures S1A and S1B available online)
andRGCs (anti-Brn3b+; Figures S1C and S1D). Ectopically local-
ized ACs and RGCs in these mutant retinas recruit at least some
of their presynaptic partners since rod bipolar neurites (PKCa+;
Figures S1E and S1F) invade the rosettes. These results show
that b1-Integrin is required for the formation of the single-cell
GCL during retina development.
During cortical development, b1-Integrin regulates Cajal-
Retzius cell organization and maintains basal lamina integrity
(Graus-Porta et al., 2001). To determine whether b1-Integrin
is required for formation of the ILM basal lamina, we
analyzed ILM integrity at different developmental stages in
Six3Cre;Itgb1f/f animals. At embryonic day 14.5 (E14.5) forma-
tion of the ILM appears normal, as revealed by anti-laminin
immunohistochemistry in both control and Six3Cre;Itgb1f/f ret-
inas (Figures 1I and 1J). Furthermore, the ILM is mostly intact
in Six3Cre;Itgb1f/f retinas at E18.5, even at sites where aggre-
gates have started to form (Figures 1K, 1L, S1G, and S1H). Later
in retinal development ectopic aggregates continue to grow, and
the ILM in Six3Cre;Itgb1f/f mutant retinas becomes highly disor-
ganized (P7; Figures 1M and 1N). This suggests that ILM
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Figure 2. Cas Signaling Adaptor Proteins Are
Required for the GCL to Resolve into a Single-
Cell Layer
(A–D) Expression of a p130Cas EGFP reporter (EGFP,
left green) and phosophorylated-p130Cas (PY-Cas,
red) in a p130Cas EGFP Bac transgenic mouse
(p130Cas EGFP-Bac) throughout retina development.
Retinas were counterstained with TOPRO3 (blue).
From E14.5 (A) to P0 (B), p130Cas phosphorylation is
mainly found in the INbL and is enriched in close
proximity to the ILM. Later in development (C and D),
PY-Cas continues to be enriched close to the ILM but
is also found in the IPL and INL. (E–H) Cryo-sectioned
control (E and G), Six3Cre; TcKO (F), and Pax6aCre;
TcKO (H) retinas immunostained with anti-calbindin
(red) and TOPRO3 (blue). Retina-specific removal of
Cas (F and H) results in the formation of ectopic cell
aggregates in the GCL beyond the ILM (n = 5 inde-
pendent animals for each genotype). (I and J) Whole-
mount calbindin immunostaining (green) confirms the
presence of ectopic GCL cell aggregates throughout
the retina in Six3Cre; TcKO (J) mice, as compared to
control (I). Arrowheads, ILM; white arrows, ectopic
aggregates; white circle, optic nerve head. Scale bars,
50 mm for (A)–(D) and (E)–(H) and 200 mm for (I) and (J).
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Cas Signaling Adaptor Proteins in GCL Organizationdisruption arises as a secondary consequence of RGC posi-
tioning defects.
Phosphorylation of Cas adaptor proteins is thought to mediate
integrin signaling during neural development (Bourgin et al.,
2007; Huang et al., 2007). Does b1-Integrin signaling during
RGC and AC positioning proceed through Cas, and is Cas phos-
phorylation relevant for GCL elaboration in the vertebrate retina?
To address these issues, we first asked whether Cas phosphor-
ylation is affected by loss of b1-Integrin. In control animals
at E18.5, phosphotyrosine-p130Cas (PY-Cas) is highly en-
riched in the INbL, particularly in close proximity to the ILM (Fig-
ure 1O). In contrast, PY-Cas is almost completely absent
in Six3Cre;Itgb1f/f retinas (Figure 1P), although total p130Cas
protein expression is not apparently affected (Figures S1G and
S1H). The antibody we used to detect PY-Cas is specific for
p130Cas since the protein band it detects in western analysis
of embryo lystates is dramatically reduced when exon 2 ofNeuron 81, 779–7p130Cas is removed in our p130Cas targeted
mutant (Figure S2). These results show that
Itgb1 is required for p130Cas phosphoryla-
tion during GCL formation.
We next undertook detailed histological
analyses of p130Cas expression in the
developing retina, utilizing a GENSAT BAC
transgenic mouse line that expresses
enhanced GFP (EGFP) under the control of
p130Cas regulatory sequences (Gong et al.,
2003; Heintz, 2004). This line allows detec-
tion of cells expressing p130Cas and phos-
phorylated p130Cas in the same section.
The p130Cas-EGFP-Bac retinal EGFP
expression pattern is consistent with that of
endogenous p130Cas in wild-type (WT)animals (Figures 2A–2D and Figures S2A–S2D; data not shown).
Although p130Cas is expressed broadly in the INbL during
embryonic development, phosphorylated p130Cas is highly
enriched in the cells that are in close proximity to the ILM (Figures
2A and Figure S2E). Soon after birth (P0 and P7), high levels of
phosphorylated Cas are mainly present in close proximity to
the ILM and also in the incipient IPL (Figures 2B and 2C). As
development progresses, p130Cas phosphorylation becomes
restricted to the GCL and a small subset of cells in the INL
(P14 and adult; Figure 2D and Figure S2F). Therefore, p130Cas
and phospho-tyrosine-p130Cas expression patterns are
consistent with Cas involvement in GCL organization.
Since p130Cas is expressed during retinal development and
Cas phosphorylation is regulated by b1-Integrin, we next asked
whether p130Cas is required during RGC and AC migration.
Since p130Cas/ mice die early in embryogenesis (Honda
et al., 1998), we generated a conditional p130Cas allele86, February 19, 2014 ª2014 Elsevier Inc. 781
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Figure 3. Ectopic GCL Aggregates inCas TcKO
Mutant Retinas Are Formed by Multiple Cell
Types
(A–P) Control (A, C, E, G, I, K, M, and O) and Six3Cre;
TcKO (B, D, F, H, J, L, N, and P) P14 retina sections
were immunostained with antibodies against the AC
and RGC marker calretinin (A and B), the starburst AC
marker ChAT (C and D), the RGC marker Brn3a (E and
F), the rod BP cell marker PKCa (G and H), the pre-
synaptic terminal markers vGlut1 (I and J) and vGAT (K
and L), and the ILM markers laminin (M and N) and
perlecan (O and P). Six3Cre; TcKO ectopic aggregates
contain both RGCs and displaced ACs (B, D, and F).
Note that the ILM is completely disrupted at sites
where aggregates form in the Six3Cre; TcKO (N and P)
retinas compared to control (M and O). All sections
were counterstained with TOPRO3 (blue). White ar-
rows, ectopic aggregates; yellow arrowheads, ILM.
Scale bar, 50 mm.
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Cas Signaling Adaptor Proteins in GCL Organization(p130Casf; Figure S2). p130Cas alone is not required for GCL
development since Six3Cre; p130Casf/D and Pax6aCre;
p130Casf/D retinas develop normally and are indistinguishable
from WT (Figures S3A–S3C; data not shown). The expression
patterns during retina development of the two other mouse Cas
family members, CasL and Sin, highly overlap with p130Cas
(Figures S3D–S3L), suggesting that CasL and Sin compensate
for the lack of p130Cas in Six3Cre; p130Casf/D and Pax6aCre;
p130Casf/Dmice and that Cas adaptor proteins might act redun-
dantly. Therefore, we performed retina-specific p130Cas abla-
tion in a CasL/;Sin/ double null mutant genetic background
(we refer to p130Casf/D;CasL/;Sin/mice as triple conditional
knockouts [TcKOs]) (Donlin et al., 2005; Seo et al., 2005). When
examined at P14, both Six3Cre;TcKO and Pax6aCre;TcKO ret-
inas exhibit, with full penetrance and expressivity, severe disor-
ganization of theGCL and formation of ectopic rosette structures
beyond the INbL, phenotypes not observed in control retinas
(Figures 2E–2H; n = 5 for each genotype; 3 ± 1.3 aggregates/
mm of sectioned retina). Similar phenotypes are also observed
in Six3Cre; p130Casf/D;CasL/;Sin+/ animals, but not in any
other combination of Cas family alleles (Figures S3M–S3O).
Ectopic cell clusters are found throughout the Six3Cre;TcKO
retina, and theycanbevisualized using retinawhole-mount stain-
ing with anti-calbindin, a marker for subsets of RGCs and ACs.
This is in sharp contrast to the even distribution of unclustered
calbindin+ cells in control animals (Figures 2I and 2J).
What are the identities of cells in these ectopic rosette struc-
tures? Using a battery of RGC and AC markers, we found that
many cells present in the ectopic aggregates express calretinin782 Neuron 81, 779–786, February 19, 2014 ª2014 Elsevier Inc.(subsets of ACs and RGCs; Figures 3A and
3B), ChAT (starburst ACs; Figures 3C and
3D), and Brn3a (RGCs; Figures 3E and 3F),
showing that ectopic aggregates include
both RGCs and ACs. Bipolar cells send pro-
jections into these aggregates since we
observe neurites expressing the rod bipolar
cell marker PKCa in the rosettes (Figures
3G and 3H). Further, small ectopic presynap-tic terminals appear in and around the ectopic aggregates, indi-
cated by the presence of neurites labeled with excitatory (vGlut1;
Figures 3I and 3J) and inhibitory (vGAT; Figures 3K and 3L) pre-
synaptic markers. No obvious phenotypes were observed in
RGC axon projection orientation when Six3Cre;TcKO embryonic
retinas were stained using neurofilament antibodies (data not
shown). We next assessed the integrity of the ILM in
Six3Cre;TcKO retinas using antibodies raised against laminin
and the proteoglycan perlecan (Figures 3M–3P). Although the
ILM is well organized in control animals at P14 (Figures 3M and
3O), it is completely disrupted in Six3Cre;TcKO animals at sites
where aggregates form (Figures 3N and 3P). These phenotypes
closely resemble Six3Cre;Itgb1f/f mutant retinas (Figure 1) and
demonstrate a requirement for Cas adaptor proteins during
RGC and AC positioning and formation of the single-cell GCL.
Though severe ILM defects are observed in Six3Cre;TcKO
retinas, is ILM integrity compromised throughout retinal
development in these mutant retinas? The ILM forms normally
in Six3Cre;TcKO retinas and is indistinguishable in mutants
and controls at E14.5 (Figures 4A and 4B). In E17.5
Six3Cre;TcKO retinas, ectopic cell aggregates form prior to the
complete disruption of the ILM (Figures 4C and 4D), similar to
Six3Cre;Itgb1f/f mutants (Figure 1L). Thus, retinal neuron posi-
tioning defects in these mutants arise in the presence of a nearly
intact ILM. By P0, the ILM becomes more disorganized in
Six3Cre;TcKO retinas relative to controls, and this occurs only
at sites where aggregates have formed (Figures 4E and 4F and
Figures S4F and S4G); no obvert disruption of the ILM
is observed where aggregates do not form (Figure S4G). The
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Figure 4. Cas Adaptor Proteins Are Required Neuron-Autonomously for GCL Cell Positioning and Organization
(A–H) Developmental progression of ILM formation and maintenance in control (A, C, E, and G) and Six3Cre; TcKO (B, D, F, and H) retinas, here immunolabeled
with anti-laminin (red) and TOPRO3 (blue). (A and B) The ILM forms normally in control and Six3Cre; TcKO retinas at E14.5. Ectopic cell aggregates begin to
appear inSix3Cre; TcKO retinas before any disruption of the ILM is evident (E17.5, D; n = 3 for each stage and genotype). (I and J) Retrograde labeling ofWT (I) and
Six3Cre; TcKO (J) RGCs by injection of CTB Alexa 546 into the LGN. Ganglion cells in ectopic rosettes that form in Six3Cre; TcKO retinas (J) are labeled by CTB.
(K and L) Histological analysis of control (K) and Pax6aCre;TcKO (L) P14 retinas stained with Topro3 (T3; blue) and antibodies against EGFP (green) and laminin
(Lam; red). Cells that form ectopic aggregates inPax6aCre;TcKO (L, inset) animals are Cre/EGFP+. (M andN) Phospho-Cas (PY-Cas; green) imunohistochemistry
in P4 control (M) and Six3Cre; TcKO (N) retinas. Though some PY-Cas staining remains in the Six3Cre; TcKO retinas (white asterisk, N), cells that form aggregates
show no PY-Cas expression compared to control (M). (O and P) Cryo-sections of WT (O) and Cas TcKO (P) E18.5 retinas electroporated in utero with pCAGGs-
Cre-IRES-EGFP at E13.5. Sections were immunolabelled with anti-GFP (green), TOPRO3 (T3; blue), and anti-Laminin (red). In utero electroporation of Cre-EGFP
intoCas TcKO retinas results in formation of ectopic aggregates that contain EGFP+ cells (5/5 aggregates, n = 3 independent animals); no aggregates form in WT
retinas (n = 3). White arrows, ectopic aggregates; yellow arrowheads, ILM. Scale bar, 50 mm.
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Cas Signaling Adaptor Proteins in GCL Organizationseverity of ILMdisruption inmutant retinas increases as develop-
ment progresses and as ectopic aggregates increase in size (P4;
Figures 4G and 4H). Aggregate formation and ILM disruption
result in the secondary recruitment of vascular tissue into these
rosettes (Figures S4H–S4K) and also mild to moderate defects in
Mu¨ller glia (MG) organization (Figures S4L and S4M). These data
strongly suggest that ILM defects at sites where ectopic aggre-
gates form are a secondary consequence of initial migration
defects and ectopic rosette growth.
A large number of RGCs are mislocalized in Six3Cre;TcKO
retinas. Does the final RGC location affect central projection
targeting by Six3Cre;TcKO RGC axons? We performed injec-tions of cholera toxin subunit B (CTB) conjugated to fluorescent
Alexa dyes into the retinas of control and Six3Cre;TcKO animals
and found no obvious differences in the central axonal projec-
tions of control or Six3Cre;TcKO animals (Figures S4A–S4D0).
This suggests that retinorecipient targeting of RGC axons is
not affected even though many RGCs end up in an ectopic loca-
tion. To ask whether RGCs in ectopic rosette structures project
to retinorecipient areas, we performed retrograde labeling by
injecting CTB Alexa 546 into the LGN in Six3Cre;TcKO and
control mice (Figures 4I and 4J and Figures S4E and S4E0). All
ectopic aggregates that we observed in Six3Cre;TcKO retinas
included CTB+ cells (Figure 4J; n = 3 animals, 6 retinas, andNeuron 81, 779–786, February 19, 2014 ª2014 Elsevier Inc. 783
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Cas Signaling Adaptor Proteins in GCL Organization5–10 aggregates per retina). Therefore, RGCs in Six3Cre;TcKO
retina rosettes are indeed able to project to retinorecipient areas
in the thalamus.
Although Six3Cre;TcKO and Pax6aCre;TcKO retinas exhibit
similar phenotypes (Figures 2E–2H; data not shown), the Pax6a
Cre transgene has the added advantage of driving coexpression
of Cre recombinase and EGFP (Marquardt et al., 2001). The
Pax6aCre transgene is expressed broadly in neural progenitors
for only a limited developmental period, after which expression
becomes restricted to subpopulations of ACs and RGCs
(Marquardt et al., 2001). We took advantage of these Pax6aCre
transgene properties to assess whether cells that form ectopic
rosettes are ACs and RGCs in which Cre recombinase expres-
sion was maintained during development. Most of the cells
that compose ectopic aggregates in Pax6aCre;TcKO P4 retinas
are EGFP+ (Figures 4K and 4L), and all rosettes cosegregate with
EGFP+ cells, suggesting that cells in which efficient recombina-
tion of the conditional allele occurs contribute to the rosettes.
To test whether inefficient recombination of the conditional
p130Casf allele might account for the formation of rosettes, we
stained control and Six3Cre;TcKO retinas with the phosphotyro-
sine-Cas antibody (PY-Cas; Figures 4M and 4N). Though
reduced, some PY-Cas staining remains in the Six3Cre;TcKO
retinas compared to control retinas, suggesting that disruption
of Cas expression does not occur in some retinal cells. Impor-
tantly, all of the cells that form ectopic aggregates show strong
abrogation of PY-Cas expression (Figures 4M and 4N). Since
Six3Cre and Pax6aCre transgenes do not drive expression of
Cre recombinase in the neuroepithelial cells that form the ILM
(Figures S4N and S4N0; Marquardt et al., 2001), our findings sug-
gest that Integrin-Cas signaling plays a neuron-autonomous role
in the INbL during the positioning of RGCs and ACs required for
organizing the GCL.
To investigate whether Integrin-Cas signaling functions
cell autonomously during GCL organization, we used in utero
electroporation to introduce a plasmid expressing both Cre
recombinase and EGFP under the strong CAGGs promoter
(CRE-IRES-EGFP) into WT or TcKO retinas at E13.5 (Figures
4O and 4P). At this stage of retina development, GCL progenitors
are already born and migrating through the INbL (Garcia-Frigola
et al., 2007; Petros et al., 2009). In WT retinas, RGC and AC
migration proceeds normally, and no electroporated (EGFP+)
cells are detected beyond the laminin-rich ILM (Figure 4O; n =
3 animals). However, Cre/EGFP-electroporated TcKO retinas
exhibit ectopic cell aggregates beyond the ILM (Figure 4P).
Some of the cells in every aggregate that we observe are
EGFP+ (n = 5 aggregates from 3 independent animals). These
observations show a rosette-autonomous requirement for Cas
proteins during GCL organization. Taken together with the phe-
notypes that we observe in the neural retina-specific conditional
knockouts (Pax6aCre; TcKO and Pax6aCre; Itgb1f/f; Figures 1H,
2H, and 4L; data not shown), our results strongly suggest a role
for Integrin-Cas signaling in regulating GCL progenitor posi-
tioning and organization into a single-cell layer. Importantly,
although all ectopic rosettes contain Cre-EGFP+ cells, we find
that the average rosette is composed of 51% ± 21% GFP+ cells
(mean ± SD), and some cells in every rosette inmutant retinas are
EGFP (Figure 4P). This is consistent with secondary, non-cell-784 Neuron 81, 779–786, February 19, 2014 ª2014 Elsevier Inc.autonomous defects caused by the initial disruption of the ILM
by aberrant migration of EGFP+/Cas cells.
DISCUSSION
The stratification of cell bodies within developing laminar
structures is a progressive event that occurs throughout the
nervous system and is critical for the assembly of neural
circuits (Franco and Mu¨ller, 2011). The process by which the
single-cell retina GCL is generated provides a relatively simple
example of how laminar organization within the nervous system
arises. We describe here a molecular mechanism by which
the retina GCL is resolved into a single-cell layer through
signaling interactions with ECM components. We identify a
signaling pathway that acts in a neuron-autonomous fashion
to sense and interpret the differential distribution of laminin
during GCL progenitor positioning. We find that Cas signaling
adaptor proteins are critical for resolving the GCL into a
single-cell layer in vivo, functioning redundantly downstream
of the laminin receptor b1-integrin in a neuron-autonomous
manner.
During the process of cortical lamination, integrin signaling
acts neuron nonautonomously, functioning in glia and Cajal-
Retzius cells to preserve basal lamina and pial surface integrity
(Graus-Porta et al., 2001). Similarly, Abl and Arg tyrosine kinases
are required in radial glia for basement membrane integrity and
cortical lamination in the cerebellum (Qiu et al., 2010). In
contrast, our data suggest that integrin-Cas signaling acts pri-
marily in a neuron-autonomous manner to resolve the GCL into
a single-cell layer. The initial assembly of the ILM basal lamina
in retina-specific Cas TcKO and b1-Integrin mutants apparently
proceeds normally. The ILM is completely intact in these condi-
tional mutants during early embryogenesis; ectopic rosette
structures begin forming beyond the ILM well before we detect
gross disruption of the basal lamina. This is consistent with the
observation that the Six3Cre and Pax6aCre transgenes do not
drive expression of Cre recombinase in the neuroepithelial cells
that form the ILM (Figures S4N and S4N0; Marquardt et al., 2001).
Further, when b1-Integrin or Cas are removed early in retinal
development through the protracted expression of Cre/EGFP,
mutant cells constitute the majority of cells observed in ectopic
rosettes. As cell migration past the ILM in Six3Cre;Itgb1f/f and
Six3Cre;Cas TcKO mutant retinas progresses, the ILM breaks
down and ectopias become larger, probably a secondary effect
of ILM disruption. These data suggest an initial cell-autonomous
role for integrin-Cas signaling in migrating retinal neurons during
the establishment and organization of the GCL. Interestingly,
although there is a severe disruption of retina morphology,
with multiple GCL cell bodies located in ectopic positions
in Six3Cre;Itgb1f/f and Six3Cre;Cas TcKO mutant retinas, RGC
central projections reach their retinorecipient targets. RGCs
that form rosettes in Six3Cre;Cas TcKO mutants can project to
the LGN, a retinorecipient area in the thalamus, and this is
consistent with the developmental timing of RGC axon targeting
during late embryonic development (Badea et al., 2009; Marcus
and Mason, 1995; Simon and O’Leary, 1992).
At postnatal stages, we observe a modest, but significant,
defect in MG endfeet organization. Since MG differentiate
Neuron
Cas Signaling Adaptor Proteins in GCL Organizationpostanatally (Jadhav et al., 2009), the initial disruption in GCL or-
ganization that we observe in Six3Cre;Cas TcKO mutant retinas
arises independently of neuron-MG interactions. These defects
in MG cell endfeet organization could be due to a primary defi-
ciency in MG attachment or, alternatively, they could arise as a
secondary consequence of ILM disruption by mislocalized
neurons. Later in retina postnatal development, disorganization
of MG endfeet probably contributes to the severity of the pheno-
type sinceMG cells are known tomaintain the integrity of the ILM
postnatally (Jadhav et al., 2009).
Migrating cells that settle in precise locations must interpret a
variety of cues to find their final position, and so it is interesting
to consider how these cells detect the end of their migration tra-
jectories. In the cortex, apart from nonautonomous b1-Integrin
functions that are important for preserving the basal lamina, b1-
Integrin signaling is essential in migrating neurons for cell-cell
recognition of radial glia and for reelin-induced repulsion at the
pial surface (Anton et al., 1999; Dulabon et al., 2000; Schmid
et al., 2004). Reelin in amore superficial cortical location provides
a repulsive signal that promotes the switch from gliophilic to neu-
rophilic cell-cell adhesion (Dulabon et al., 2000). In contrast,
retinal neurons initiate migration without the aid of radial glia,
and the laminin-rich ILM provides an instructive cue that initially
regulates the orientation of migrating cells but ultimately defines
the position where the single-cell GCL will form (Edwards et al.,
2010; Pinzo´n-Duarte et al., 2010; Randlett et al., 2011; Sanes
and Zipursky, 2010; Zolessi et al., 2006). Integrin-Cas signaling
acts in migrating neurons to sense the ILM and is necessary for
the reorganization of the GCL. This signaling pathway allows
migrating cells to interpret the ILM as a ‘‘stop, adhere, and
spread’’ signal, thereby promoting the alignment of the GCL
into a single-cell layer. In the absence of integrin-Cas signaling,
cells fail to detect the ILM, poke through, and migrate past it,
ultimately disrupting the basal lamina and initiating sub-
sequent formation of ectopias. Since stratification and laminar
organization of neuronal processes is observed throughout the
nervous system, these molecular mechanisms may be relevant
for the assembly of a wide range of neural circuits.
We show here that Cas phosphorylation in the developing
retina is dependent upon b1-Integrin function, providing a direct
in vivo link between integrin signaling and Cas phosphorylation
during GCL formation. Furthermore, Six3Cre;Cas TcKO mutant
retinas phenocopy Six3Cre;Itgb1f/f (this study) and b2/ g3
laminin/ mutants (Pinzo´n-Duarte et al., 2010). These results
provide vivo evidence that Cas proteins act redundantly in
mammals to transduce integrin signaling during neuronal
development. Since Cas phosphorylation and function can be
modulated by integrin-independent signaling pathways in vitro
(Bourgin et al., 2007; Defilippi et al., 2006; Liu et al., 2007), it
will be important to determine how these key signaling adaptor
proteins integrate multiple signaling pathways during neuronal
circuit assembly and refinement.EXPERIMENTAL PROCEDURES
Animals
The day of vaginal plug observation was designated as E0.5 and the day
of birth as P0. Generation of the b1-integrinf/f (Itgb1f/f), Six3Cre, Pax6aCre,CasL/, and Sin/ mouse lines has been described previously (Donlin
et al., 2005; Furuta et al., 2000; Marquardt et al., 2001; Raghavan et al.,
2000; Seo et al., 2005). The mouse line carrying a targeted allele for the
Bcar1 (p130Cas) locus was generated using the vector PL253, modified by
Bac recombineering (Liu et al., 2003; Figure S2).
Immunohistochemistry and In Situ Hybridization
Eyes were fixed and processed essentially as previously described (Matsuoka
et al., 2011).
Cholera Toxin Subunit B Injection
Bilateral CTB injection was performed as previously described (Matsuoka
et al., 2011). Briefly, the animals were anesthetized using isoflurane and then
injected with 2 ml CTB Alexa 546 or 488 (Life Technologies, 1 mg/ml), bilaterally
into the vitreous of each eye.
In Utero Retina Electroporation
In utero retina electroporation was performed as previously described
with a few modifications (Garcia-Frigola et al., 2007; Petros et al., 2009).
Briefly, E13.5 control or p130CasF/F; CasL/; Sin/ retinas were injected
intravitreally with pCAGGS-Cre-IRES-EGFP plasmid (4 mg/ml) and electropo-
rated with five 40 V, 50 ms square pulses at a frequency of 60 Hz.
Additional information about methods used in this study is found in Supple-
mental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.neuron.2014.01.036.
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